Introduction
The ability to predict forest stand development accurately over time is essential for forest planning, and a forest growth simulation system that can predict stand development is a desirable forest management tool. Resource managers in the Northeastern United States need forest growth and yield models to: (1) forecast large-scale regional projections of timber resources, (2) evaluate silvicultural prescriptions, and (3) perform economic analyses of multiresource management alternatives. -More than 30 forest cover types are found in the Northeast. The heterogeneous condition of the forests in this region, defined by the large variation in species composition, stand structure, and site quality, can be traced through several centuries of continuous land use change and a variety of harvesting practices. An individual-tree model is well suited for predicting growth under these diverse conditions. Some of the earlier individual-tree, distance-independent modeling efforts concentrated on even-aged stand structures with single species. Many of these earlier efforts were limited to linear models, since scientific statistical software packages containing nonlinear regression programs were unavailable. The linear model developed by Lemon and Schumacher (1962) , for example, predicted diameter growth in the ponderosa pine forest type as a function of stand competition, site quality, tree size, and age.
More recent modeling endeavors have focused on utilizing nonlinear models for predicting the growth of individual trees in mixed-species heterogeneous forest stands. Many biological processes such as population growth and survival can best be described by nonlinear functions. The response function can often be confined within a specified minimum and maximum range, an advantage when one is concerned with the biological feasibility of the prediction.
The mathematical equations developed by Hahn and Leary (1979) predicted the potential diameter growth of individual trees in the Lake States as a function of diameter, site quality, and crown ratio. Holdaway (1984) modified those ' predicted growth rates to account for inter-tree competition. More recently, Shifley (1987) developed a 9-parameter function for predicting the growth of 22 species groups in the Central States.
Expanding on the concepts formulated by these researchers, we have attempted to extend the geographic range of these models. However, the model we have developed, although similar in concept to those described above, contains fewer parameters. Nonlinear models with few parameters are easier to recalibrate to local conditions. Species-specific, individual-tree, distance-independent, diameter growth models have been previously developed for the northern New England states (Hilt et al. 1987a , Hilt et al. 1987b Individual-tree measurements collected by the FIA unit were used in developing the model. More than 4,400 115-acre permanent plots measured throughout the 14 Northeastern States were used in this study. Data were collected in the 1 9601s, 1 WO's, and 1980's. Only one remeasurement period was available for each state except Maine, which was remeasured twice. The remeasurement period averaged 12 years.
The data covered a wide range of age, site, and stocking conditions. Basal area per acre ranged from 30 to 255 ft2/acre. Site index (base age 50 years), recorded on each 1A-acre plot for the dominant species, ranged from 30 to 90. Site-index conversion equations were used to assign the appropriate site index to each tree depending on its species. Quadratic mean stand diameter ranged from 5 to 13 inches, indicating a wide range in the age of the stands sampled.
Information recorded for each tree (more than 5 inches d.b.h.) included species, initial diameter, diameter at the end of the remeasurement period, and a status code indicating whether the tree was alive or dead.
Most of the major species had a sufficient number of observations to be modeled independently. Less prevalent species had fewer observations and were grouped with other species exhibiting similar silvical characteristics into one of 28 species groups (Table 1) .
Every fourth plot was systematically removed from the data base and was set aside for model validation. The calibration data set contains 51,757 observations ( Table 2 ). The validation data set contains 16,748 observations (Table 3 ).
The data summarized in Table 2 are a subset of a much larger initial data base. Eliminated from the calibration set data were those plots where catastrophic mortality (more than 70 percent of initial basal area) and/or excessive cutting (residual basal area less than 30 pecent of initial conditions) occurred between remeasurements. These plots were eliminated because we were unable to determine when the events occurred. Without knowing the timing of such events, it is impossible to determine how long the initial stand conditions existed. Since the independent variables in the model are based on initial stand conditions, it was necessary to remove the plots from the ' data base. 
Met hods
model (Wykoff et al. 1982 ) and the Central States TWIGS growth model (Shifley 1987 ). Here we first review the development of the speciesspecific, individual-tree, distance-independent, diameter growth model previously developed by Hilt and others (1987a) . Species-specific coefficients for the model are then calibrated for each of the 28 species groups.
Predicted periodic mean annual diameter growth is modeled using a two-step approach. In the first step, potential periodic mean annual basal area growth is modeled as a function of d.b.h. and site index. The potential basal area growth is then reduced for each tree based on the tree's competitive position within the stand. Basal-area growth is then converted to diameter growth.
Many predictor variables were evaluated for inclusion in our model. Plot variables included site index (SI), basal area per acre, trees per acre, quadratic mean stand diameter (QMD), and stand density. Individual-tree variables included basal area and diameter.
Plots of periodic mean annual diameter-growth over diameter for a given site index and stand density revealed a positive correlation between tree diameter and diameter growth. Additional data analysis also revealed a positive correlation between site index and diameter growth.
Diverse land management practices have resulted in stands with tremendous variation in diameter distributions. The normal bell-shaped diameter distribution associated with even-aged stands, and the reverse J-shaped diameter distribution associated with uneven-aged stands are more the exception than the rule. High frequencies of bimodal. trimodal, and uniform diameter distributions in the plot data owe their existence to a multitude of harvesting practices in the second and third generation forests prevalent in the Northeast.
This diversity of stand conditions negated any correlation associated with diameter growth and mean stand diameter (Hilt et al. 1987a) . Furthermore, the elimination of mean stand diameter as a predictor variable reduced the effectiveness of stand basal area for predicting growth. Together, these variables can be used to identify relative stand density. However, basal area alone is an unreliable indicator of relative stand density. One hundred square feet of basal area per acre may represent 100 percent stocking in a stand with a small QMD, but only 60 percent stocking in a stand with a larger QMD.
Since the growth rate of a tree is influenced by its relative position (competitive status) within the stand, we calculated several competition indices including: the ratio of d.b.h. to QMD, ratio of tree basal area to plot basal area, and the number of standard deviations a tree's diameter is from plot QMD. The competition index exhibiting the highest correlation with diameter growth was basal area per acre larger than the subject tree (BAL). BAL has been used as a competition indicator in both the PROGNOSIS growth The data for each species group were than separated into d.b.h. x BAL x SI cells. The upper and lower boundaries of each cell were selected so that there were approximately equal numbers of trees within each cell. The mean value for each of the three predictor variables and the mean annual periodic individual-tree basal area growth rate within each cell were used in the preliminary analysis to select the model form. Cell means were used to reduce the total number of observations so that various nonlinear model forms could be examined more efficiently.
Numerous model forms and combinations of independent variables were examined (Hilt et al. 1987a) . Only the final model selected for application is reported here.
Potential Growth
Individual trees for a given species were sorted in descending order according to their mean annual periodic basal-area growth rates in each d.b.h. x site index class. The top 10 percent of the fastest growers in each class were then used to develop the potential growth function. A modified Chapman-Richards (Richards 1959 ) sigmoidal growth function was used to predict the potential growth for a given site and tree size:
where POTBAG is the potential basal-area growth for an individual tree, DBHIO is the average d.b.h. of the top 10 percent of the fastest growers, SI is the species specific site index, and b, and b2 are species specific parameters estimated using weighted nonlinear regression. An investigation of the error structure revealed homogeneity among cell variances in relation to d.b.h. and site index. Each observation was weighted by cell frequency (the number of trees in each cell).
The fitted values for b, and b2 are shown in Table 4 , and the resulting equation is plotted in Figure 1 for sugar maple. Potential basal-area growth for sugar maple is then compared with several major species groups in Figure 2 . Corresponding potential individual-tree diameter growth rates are plotted in Figure 3 .
Modifier Function
Graphic analysis of the cell means revealed that individualtree basal-area growth rates for all trees in a given initial d.b.h. x SI class declined in a negative exponential manner as BAL increased. This trend suggests the following model for a given d.b.h. x SI class:
The intercept term, POTBAG, is the potential basal-area growth estimated from equation (1) for each DBH x site several important species groups (species specific site index equivalent to S I = 50 for red spruce).
index class. The equation is forced through the potential growth when BAL equals zero.
A two-stage modeling procedure was used to estimate b3. First, an estimate of b3 was determined by fitting equation (2) for each d.b.h. x SI class. An investigation of the error structure revealed that within-cell variances were correlated with d.b.h. and BAL. The following model was then fitted for each species to describe the error structure:
where VARBAG is the variance of the individual-tree basalarea growth rates. Each observation was weighted by the number of observations in the cell divided by VARBAG. Equation (2) was then refit to the weighted 0bse~ations. The estimated b3's were plotted over d.b.h. and site index to see if they could be modeled as a function of these two variables. No trends were identified. The mean value of b3 was used as the final estimate for each species group. Fitted values for b3, c and c2 are presented in Table 4 . Predicted individual-tree basal-area growth rates for sugar maple are shown in Figure 4 for a range of d.b.h. and BAL values. Corresponding diameter growth rates are presented in Figure 5 .
Individual-tree basal-area growth rates are easily calculated using equations (1) and (2). First, compute the potential basal-area growth rate (POTBAG) using equation (1) and the values for bl and b2 from Table 4 . Then using the value for b g from Table 4 , solve equation (2) to determine the individual-tree basal-area growth rate (BAG). Individualtree basal-area growth rates can then be converted to diameter growth rates (DGROW) using the following conversion formula: Predicted potential diameter growth rates for sugar maple are plotted using a three-dimensional response function in Figure 6 . Predicted diameter growth rates are presented in Figure 7 for sugar maple site index 56 for a range of diameters and BAL.
Results
To determine how well the model predicts individual-tree growth, we compared observed and predicted periodic annual basal-area growth and periodic annual diameter growth for each observation in the data base. Observed periodic mean annual diameter growth ranged from a low of 0.064 for the noncommercial species group to a high of 0.159 for white pine. The mean annual diameter growth prediction error (i.e. predicted minus observed growth), based on all 51,757 observations, was -0.013 inches. This is an 11.5 percent underprediction of individual-tree annual diameter growth.
Observed and predicted mean annual periodic basal-area growth rates and diameter growth rates and their associated mean predicted errors are presented by species group in Table 5 . The largest discrepency between actual and predicted individual-tree diameter growth was for quaking aspen. The model overpredicted the mean annual individualtree diameter growth by 0.062 inches. The model overpredicts annual diameter growth for 16 species groups, and underpredicts annual diameter growth for 12 species groups. The -predicted mean annual diameter growth error is within 0.02 inches for 16 of the 28 species groups.
The same evaluation statistics were computed for the validation data (Table 6 ). The mean annual diameter growth prediction error, based on all 16,748 observations is -0.013 inches. This is an 11.6 percent underprediction of individual-tree annual diameter growth. The model overpredicts annual diameter growth for 12 species groups, and underpredicts annual diameter growth for 16 species groups.
Discussion
Although some of the variability in annual basal-area growth within and among species groups can be explained by the stand and tree variables contained within this model, much of the variability is due to other factors such as the spatial variation of weather, and micro-site conditions.
No simulation model predicting changes to a biological system will ever perfectly represent the system being modeled so long as the environmental conditions within which that system resides continue to change. However, we still need to be concerned with how well the model predicts change relative to alternative models.
At the present time, this model is the only regionally calibrated, species-specific, individual-tree, distanceindependent, diameter growth model for mixed-species, multi-aged forest stands in the 14-state Northeastern Region. Other models that have been calibrated for specific forest types within sub-regions of the Northeast are available. Preliminary evaluations comparing this model to some of the locally developed models (US. Dept. of Agric. 1990) show promising results regarding model accuracy and precision.
Potential model users should understand that predicted growth rates for a given species are indicative of the average growth rate for that species throughout the region. Growth rates for a given stand may vary considerably from the regional average due to local edaphic conditions. However, for many species, site index accounts for this variation.
The model form has several inherent constraints that should provide biologically reasonable estimates of diameter growth when extrapolated beyond the range of the calibration data base: (1) The growth of an individual tree cannot exceed its potential growth-it equals the potential growth only when BAL = 0; (2) asymptotically approach zero. growth projection systems like NE-TWIGS, will allow researchers to quantitatively evaluate stand response to This diameter growth model has been incorporated into alternative silvicultural treatments. Treatment response NE-TWIGS, an individual-tree growth projection system comparisons can then be used for developing for mixed-species forests of the Notheastern United States recommended management guidelines for Northeastern Teck 1989, Teck 1990 ). Computerized forest forest stands. 
